1. Introduction {#sec1}
===============

Many cationic lipophilic compounds such as benzalkonium chloride (BAC), cetrimide, and chlorhexidine are used as antiseptics and preservatives because of their excellent antimicrobial properties.^[@ref1]−[@ref3]^ They are frequently used as preservatives in topical formulations for dermal, intraoral, ocular, or nasal applications. Although they show antimicrobial action against a broad range of microbes including Gram-positive and Gram-negative bacteria, viruses, and yeast, their usefulness remains questionable because of safety concerns.^[@ref4]^ There are numerous studies reporting about the adverse effects of BAC, cetrimide, and chlorhexidine.^[@ref5]−[@ref10]^

The design of preservatives that are stable in the formulation but are immediately degraded when getting into contact with the human body might be a promising concept to address this dilemma. In particular, the introduction of substructures in preservatives that are cleavage sites for endogenous enzymes should guarantee their rapid inactivation and elimination right after application.

As guanidine groups also found in chlorhexidine exhibit in conjunction with lipophilic substructures strong antimicrobial properties, arginine seems to be an excellent starting compound to generate lipophilic cationic agents of high antimicrobial activity. The positive charge on arginine is useful to improve interaction with the negatively charged bacterial cell membranes. Lipophilic substructures that are linked to arginine via ester bond formation might be cleaved by esterases in the human body. The hydrolysis of other compounds containing an ester linkage such as oseltamivir, methylphenidate, and prasugrel by mammalian carboxylesterases is reported in the literature.^[@ref11]^ Stinchcomb et al. observed complete hydrolysis of lipophilic alkyl esters of naltrexone by esterases on passing through the human skin.^[@ref12]^

Antimicrobial activity of some other amino acid--based compounds with small and medium fatty chains has already been reported in the literature. Lipophilic derivatives of the cationic amino acid lysine, for instance, were shown to exhibit antimicrobial action against a broad range of bacteria.^[@ref13]^ In another study, the antimicrobial activity of leucine- and methionine-based esters was shown against bacteria and yeast.^[@ref14]^ Encouraged by these results, we synthesized arginine esters with C~18~ and C~24~ carbon chains, namely, arginine-oleate and arginine-decyltetradecanoate esters (Arg-OL and Arg-DT). Oleyl alcohol was chosen because of its monounsaturated hydrophobic tail, providing a comparatively bulky lipophilic group, and 2-decyl-1-tetradecanol was chosen because of its branched lipophilic structure. The newly synthesized Arg-esters were initially evaluated regarding log *P*~octanol/water~, critical micelle concentration (CMC), biodegradability by lipase, and cytotoxicity on Caco-2 and red blood cells. Furthermore, their antimicrobial properties against Gram-positive and Gram-negative bacteria were tested to assess their potential use as preservatives for pharmaceutical and cosmetic applications.

2. Materials and Methods {#sec2}
========================

2.1. Materials {#sec2.1}
--------------

[l]{.smallcaps}-Arginine ≥98%, oleyl alcohol (9-octadecen-1-ol, 85%), 2-decyltetradecan-1-ol-(2-decyl-1-tetradecanol, 97%), pyrene, 4-dimethylamino pyridine (*N*,*N*-dimethylpyridin-4-amine, DMAP, 99%), 2,4,6-trinitrobenzenesulfonic acid (5% (m/v) TNBS solution), sodium dodecyl sulfate (SDS), potassium permanganate, lipase from porcine pancreas, and flat-bottomed 96-well tissue plates were obtained from Sigma-Aldrich GmbH, Austria. Boc-Arg(Boc)~2~--OH was purchased from Bachem, Switzerland. 1-(3-(Dimethylamino)propyl)-3-ethylcarbodiimide (EDC \> 98.0%) was obtained from TCI Deutschland GmbH. Dichloromethane (DCM) was purchased from Carl Roth GmbH, Germany.

2.2. Methods {#sec2.2}
------------

### 2.2.1. General Synthesis Method {#sec2.2.1}

Boc-Arg(Boc)~2~--OH (474.56 mg; 1 mmol) dissolved in 10 mL of DCM was combined with DMAP (14.8 mg; 0.12 mmol) under continuous stirring. Upon cooling in an ice water bath, a solution of EDC (161.44 mg; 1.04 mmol) in 2 mL of DCM was slowly added. After 30 min, the respective alcohol (1.2 mmol) in 5 mL of DCM was supplemented dropwise, and the mixture was allowed to equilibrate to room temperature. After stirring for an additional 12 h, the solvent was removed under low pressure using a rotary evaporator (Heidolph instrument GmbH & Co, Schwabach, Germany).

The purity of the product was determined by thin-layer chromatography (TLC) using an aluminum sheet precoated with silica gel as a stationary phase and ethyl acetate/petroleum ether (2:3, v/v) as a mobile phase. The detection reagent was prepared by dissolving potassium permanganate (0.5 g) and potassium carbonate (3.3 g) in water (50 mL), followed by the addition of 1 mL of 1 M NaOH. After spraying with the detection reagent, the TLC plate was heated to obtain yellow spots.

Purification of the products was performed by column chromatography using silica gel (40--63 μm particle size and 60 Å pore size) as a stationary phase. Ethyl acetate/petroleum ether 2:3 and 1:9 (v/v) was used as mobile a phase for elution of Boc-Arg-OL and Boc-Arg-DT ester, respectively. Eluted fractions were analyzed by TLC as described above. Afterward, the purified products were obtained by evaporating the solvent under a vacuum from selected fractions.

#### Boc-Protected Octadec-9-en-1-yl Argininate (Boc-Arg-OL): {#sec2.2.1.1}

obtained as a colorless oil; yield = 203 mg (0.28 mmol, 28%).

Purification: TLC and column chromatography = ethyl acetate/petroleum ether (2:3 v/v).

^1^H NMR (400 MHz, CDCl~3~): δ 0.86--0.90 (m, 3H, CH~3~); 1.22--1.38 (m, 24H, CH~2~); 1.44 (s, 9H, CH~3~ Boc); 1.50 (s, 9H, CH~3~ Boc); 1.52 (s, 9H, CH~3~ Boc); 1.58--1.88 (m, 7H, NH, CH~2~ arginine and CH~2~CH~2~O oleylalcohol); 1.93--2.05 (m, 4H, CH~2~CH=CH); 3.80--3.97 (m, 2H, NCH~2~ arginine); 4.11 (td, ^3^*J* = 6.8 Hz, ^4^*J* = 2.8 Hz, OCH~2~); 4.23--4.33 (m, 1H, CHN arginine); 5.33--5.40 (m, 2H, CH=CH); 9.20 (br, 1H, NH); 9.35 (br, 1H, NH).

#### Boc-Protected Arginine 2-Decyltetradecyl Argininate (Boc-Arg-DT): {#sec2.2.1.2}

obtained as colorless oil; yield = 172 mg (0.22 mmol, 22%).

Purification: TLC and column chromatography = ethyl acetate/petroleum ether (9:1 v/v).

^1^H NMR (400 MHz, CDCl~3~): δ 0.88 (t, ^3^*J* = 6.8 Hz, 6H, CH~3~); 1.20--1.35 (m, 40H, CH~2~); 1.44 (s, 9H, CH~3~ Boc); 1.50 (s, 9H, CH~3~ Boc); 1.52 (s, 9H, CH~3~ Boc); 1.58--1.73 (m, 4H, CH~2~ arginine); 1.75--1.87 (m, 1H, OCH~2~CH); 3.80--3.97 (m, 2H, NCH~2~ arginine); 4.02 (ddd, ^3^*J* = 14.8 Hz, ^3^*J* = 10.8 Hz, ^4^*J* = 6.0 Hz, 2H, OCH~2~); 4.24--4.32 (m, 1H, CHN arginine); 5.37 (br d, ^3^*J* = 8.4 Hz, 1H, NH); 9.19 (br s, 1H, NH); 9.35 (br s, 1H, NH).

### 2.2.2. Deprotection of the Boc-Arg-OL and Boc-Arg-DT Esters {#sec2.2.2}

The respective ester was dissolved in DCM and TFA 1:1 and stirred at 25 °C for 2 h. The solvent was removed under a vacuum. The product was characterized by FT-IR, ^1^H NMR, and mass spectroscopy.

#### Octadec-9-en-1-yl Argininate Trifluoroacetate (Arg-OL): {#sec2.2.2.1}

obtained as colorless oil; yield = 150 mg (0.27 mmol, 96%).

FT-IR: = 3363 w (NH); 3187 w (NH); 2924 m (CH~2~); 2854 m (CH~2~); 1744 m; 1667 s (C=O); 1200 s; 1184 s; 1134 s (C--O); 722 m.

^1^H NMR (400 MHz, CD~3~OD): δ 0.87--0.93 (m, 3H, CH~3~); 1.26--1.42 (m, 24H, CH~2~); 1.64--2.08 (m, 8H, CH~2~CH~2~O, CH~2~ arginine, CH~2~CH=CH); 3.25 (t, ^3^*J* = 6.8 Hz, 2H, NCH~2~ arginine); 4.08 (t, ^3^*J* = 6.4 Hz, 1H, CHN); 4.26 (td, ^3^*J* = 6.8 Hz, ^4^*J* = 2.8 Hz, 2H, OCH~2~); 5.30--5.42 (m, 2H, CH=CH).

MS: 425.3876 (predicted: 425.38 \[M + H\]^+^).

#### 2-Decyltetradecyl Argininate Trifluoroacetate (Arg-DT): {#sec2.2.2.2}

obtained as a colorless oil; yield = 148 mg (0.21 mmol, 95%).

FT-IR: = 3394 w (NH); 3185 w (NH); 2953 m (CH~2~); 2922 s (CH~2~); 2853 m (CH~2~); 1674 s (C=O); 1633 m (C=N); 1201 s; 1185 s; 1137 s (C--O).

^1^H NMR (400 MHz, CD~3~OD): δ 0.87--0.93 (m, 6H, CH~3~); 1.24--1.38 (m, 40H, CH~2~); 1.65--1.85 (m, 3H, OCH~2~CH and CH~2~ arginine); 1.88--2.08 (m, 2H, CH~2~CH arginine); 3.24 (t, ^3^*J* = 7.0 Hz, 2H, CH~2~N arginine); 4.10 (t, ^3^*J* = 6.4 Hz, 1H, CHN arginine); 4.19 (ddd, ^3^*J* = 13.4 Hz, ^3^*J* = 10.8 Hz, ^4^*J* = 5.6 Hz, 2H, OCH~2~).

MS: 511.4987 (predicted: 511.49 \[M + H\]^+^).

### 2.2.3. Characterization {#sec2.2.3}

FT-IR spectra were taken on a Bruker ALPHA FT-IR equipped with a Platinum ATR sampling module and analyzed with OPUS Spectroscopy Software, version 7. FT-IR spectra were recorded at a resolution of 4 cm^--1^ in the wavenumber range from 4000--400 cm^--1^ with 24 scans.

^1^H NMR spectra were measured on a Bruker Avance 4 Neo spectrometer at 400.13 MHz. The center of the solvent signal was used for calibration, or the TMS (tetramethylsilane) signal acted as an internal standard. The samples were dissolved in CDCl~3~ or CD~3~OD (Eurisotop).

Mass spectra were recorded on a Thermo Fisher Orbitrap Elite, equipped with an ESI ion source.

### 2.2.4. Determination of Log *P* {#sec2.2.4}

Log *P* of Arg and both Arg-esters were determined using an already described method.^[@ref15]^ Each compound was dissolved in an octanol/water mixture (1:1, v/v). Afterward, octanol and water phases were separated by a high-speed mini centrifuge (Fisher Scientific, Illinois USA), and the concentration of each compound in each phase was determined by the TNBS assay. For this, a 50 μL volume from each phase was diluted 10 times with 0.1 M sodium bicarbonate (pH 8.5) containing 40% (v/v) isopropyl alcohol. After dilution, 250 μL of the TNBS reagent (0.01%, v/v) prepared in 0.1 M sodium bicarbonate (pH 8.5) was added to each sample that was incubated at 37 °C. After 2 h, the reaction was stopped by adding 250 μL of 10% (m/v) SDS and 125 μL of 1 M HCl. The absorbance of each sample was measured at 335 nm using a Spark multifunctional microplate reader (Tecan Austria, GmbH). The logarithm of the octanol/water absorbance ratio was expressed as log *P* for each sample.

### 2.2.5. Determination of the CMC {#sec2.2.5}

The critical micelle concentration (CMC) is an important solution property of any amphiphilic compound and can be defined as the minimum concentration at which micelles start to form. The CMC of Arg-esters was determined using a pyrene fluorescent method as described in a previous publication.^[@ref15]^ Methanol solution of pyrene (2 μM) was added to several vials (250 μL per vial) and evaporated overnight to leave thin dried films of pyrene. Aqueous solutions of Arg-esters were prepared in a wide concentration range and were added to individual vials containing pyrene films in a 500 μL volume. The samples were left stirring at 400 rpm, 37 °C. After 3 h, the fluorescence of each sample was measured at the excitation wavelength of 334 nm, and emissions were taken at 372 (*I*~1~) nm and 393 nm (*I*~3~). A graph was plotted between the fluorescent intensity ratio (*I*~3~/*I*~1~) and the log concentration of Arg-ester. Then, from the resulting curve for each Arg-ester, the "CMC value" was calculated. For the calculation of the CMC, the segmental linear regression method was used, and CMC values were obtained as the concentration corresponding to the intercept of the extrapolations of the first segment and the rapidly varying second segment of the *I*~3~/*I*~1~ versus log concentration plot. The following equation was used for determining the CMC:where values of intercept and slope 1 were taken from the equation of the straight line of segment 1 and intercept and slope 2 were taken from the equation of the straight line of segment 2 of each plot.

### 2.2.6. Degradation of Arginine Esters by Lipase {#sec2.2.6}

Lipase-catalyzed hydrolytic degradation of Arg-OL and Arg-DT esters was carried out using a previously described experimental setup.^[@ref16]^ Digestion medium consisted of 2 mM Tris buffer with 5 mM CaCl~2~ and 150 mM NaCl. The medium pH was adjusted to 6.8. Lipase solution was freshly prepared before the experiment as follows: 0.5 g of lipase was mixed for 10 min in 10 mL of digestion medium, followed by centrifugation at 12 000 rpm and 4 °C for 15 min. The supernatant was collected for the degradation test and ice-stored until use. For the degradation test, solutions of Arg-OL and Arg-DT were prepared in the concentration of 1 mM in digestion buffer, and the pH was adjusted to 6.8 using 0.5 M NaOH. Thereafter, 2 mL of lipase solution was added to 18 mL of the Arg-surfactant solution to initiate ester degradation under continuous stirring at 37 °C. The ester hydrolysis was reflected by monitoring the drop in pH due to the release of arginine and titrated to keep the pH at 6.8 with the addition of 0.5 M NaOH. The experiment was continued for 3 h. Back-titration was also performed at the end of the experiment by raising the pH to 9, and additional consumption of the NaOH volume reflected the nonionized form of an amino acid. Degradation and back-titrations were also performed using a blank digestion medium without any Arg-ester, and consumed NaOH volume was subtracted from that consumed for each product. Consumed volumes of 0.5 M NaOH for each product were then equated with liberated free arginine to determine the percentage of arginine esters digested. Degradation was also confirmed at the end of the experiment by TLC using an aluminum sheet precoated with silica gel and acetic acid/chloroform/methanol (5:8.5:10, v/v/v) as stationary and mobile phases, respectively. The TLC plate after spraying with a ninhydrin ethanolic solution (0.2%, m/v) was heated to visualize products as purple spots.

### 2.2.7. Resazurin Assay {#sec2.2.7}

The resazurin assay was used to determine the cytotoxic potential of Arg-esters according to a previous method with some minor modifications.^[@ref15]^ Caco-2 cells were seeded in a 24-well cell culture plate at 25 000 cells per well density and kept in an incubator at 37 °C under a 95% relative humidity environment and 5% CO~2~ level. Minimum essential medium (MEM) supplemented with streptomycin (0.1 mg L^--1^), penicillin (100 units L^--1^), and fetal calf serum (FCS) 10% (v/v) was used for growing cells. During a growth period of 14 days, the medium was replaced every other day. On the day of the experiment, test solutions of Arg-OL and Arg-DT esters were prepared in 25 mM HBS (HEPES buffered saline) buffer (pH 7.4) in the concentration range of 1000--3000 μg mL^--1^. For comparison, the same concentrations of BAC and cetrimide were also prepared in HBS. HBS without any addition was used as a positive control, and Triton X-100 (2%, v/v) in HBS was used as a negative control. The growth medium from all wells of the cell culture plate was removed, and cells were washed three times with HBS preheated at 37 °C. Each test solution and controls were then added to individual wells in a volume of 500 μL, and the cell culture plate was incubated under the same conditions. After 4 h, the solution from each well was removed, and cells were washed with HBS (pH 7.4) preheated at 37 °C. Then, 500 μL of resazurin (2.2 mM) per well was added and incubated for further 3 h under the same conditions. Afterward, the fluorescence of the supernatant from each well was measured at the excitation wavelength of 540 nm and an emission wavelength of 590 nm. Cell viability was calculated by the equation:

### 2.2.8. Measurement of Fluorescence Anisotropy {#sec2.2.8}

To evaluate membrane fluidity by fluorescence spectroscopy, a method described by Aricha et al. was adapted.^[@ref17]^ Caco-2 cells were labeled with fluorescent probe DPH (1,6-diphenyl-1,3,5-hexatriene). For this, a 1 mM solution of DPH was prepared in acetone. A Caco-2 cell monolayer in a 15 mL cell flask after washing with sterile PBS was trypsinized and resuspended in 10 mM HBS (pH 7.4) at a concentration of 2 × 10^5^ cells mL^--1^. Then a 1 mM DPH solution (10 μL) was added to a Caco-2 cell suspension (5 mL) and kept for incubation at 37 °C in the dark. After 1 h, cells were centrifuged at 588 rpm for 3 min, and solvent was removed to get rid of the free probe. Cells were resuspended in the same volume of HBS. Samples of Arg-surfactants were prepared in HBS in concentrations of 2000, 1000, and 500 μg mL^--1^. Then each sample solution was mixed with a DPH-labeled cell suspension in equal volumes and incubated at room temperature in the dark. HBS mixed in an equal volume with the DPH-labeled cell suspension was used as a control. At specific time points, fluorescence polarization data were obtained using an excitation wavelength of 350 nm and an emission wavelength of 420 nm, and anisotropy was calculated using the following equation:where *I*~∥~ and *I*~⊥~ are the fluorescence intensities parallel and perpendicular to the direction of the excitation light beam.

### 2.2.9. Hemolysis Study {#sec2.2.9}

The hemolysis test was performed with red blood cells (RBC) to evaluate the potential toxic effect of Arg-surfactants on human cells.^[@ref18]^ Human RBC concentrate was kindly donated by the Tirol Kliniken GmbH, Innsbruck, Austria, and stored at 4 °C until use. RBC concentrate (0.556 mL) was freshly diluted by adding sterile Dulbecco's PBS (pH 7.4) (1.944 mL) before the test to obtain an equivalent amount of whole blood (EWB). Then EWB was 50 times diluted in sterile Dulbecco's PBS (pH 7.4). The diluted blood on visual inspection was turbid and settled down upon leaving undisturbed, indicating no cell lysis. Arg-surfactant stock solutions were prepared in the concentration range of 10--5000 μg mL^--1^ in PBS. For comparison, BAC and cetrimide solutions were prepared in the same concentration range in PBS. For the assay, 10 μL of each test sample was mixed with 190 μL of diluted blood, resulting in the testing final concentrations of 0.5--250 μg mL^--1^. For the positive control, 10 μL of 20% v/v Triton X-100 and, for the negative control, 10 μL of sterile Dulbecco's PBS were mixed with 190 μL of diluted blood. All samples and controls were incubated for 1 h at 37 °C with shaking. After centrifugation at 10 000 rpm for 60 s, aliquots of 100 μL were withdrawn from the supernatants and transferred to a 96-well plate. Absorbance was measured at a wavelength of 420 nm. The extent of hemolysis as a percentage was determined by using the following equation:

### 2.2.10. Antimicrobial Properties {#sec2.2.10}

#### Microorganisms {#sec2.2.10.1}

Following bacterial strains were used for antimicrobial susceptibility testing: *Escherichia coli* ATCC 25922, *Staphylococcus aureus* ATCC 29213, *Bacillus subtilis* ATCC 6633, and *Enterococcus faecalis* ATCC 19433, which were obtained from the American Type Culture Collection (ATCC, Virginia, USA).

#### Disk Diffusion Method {#sec2.2.10.2}

The disk diffusion method was used for the initial assessment of the antimicrobial activity of Arg-esters. Mueller Hinton agar (MHA, Biomerieux) medium was prepared according to the manufacturer protocol and poured into Petri dishes. All testing microorganisms were dissolved in saline and set to a 0.5 McFarland standard turbidity. This corresponds to a bacterial concentration of 1.5 × 10^8^ colony-forming units per milliliter (CFU mL^--1^). The bacterial suspension was then swabbed over solidified MHA Petri dishes ensuring homogeneous distribution. The test solutions of Arg-OL, Arg-DT, BAC, and cetrimide were prepared in water with 10% (v/v) DMSO at a concentration of 10 mg mL^--1^. Water with 10% (v/v) DMSO was used as a negative control. The diffusion disks of about 6 mm in diameter were prepared from Whatman filter paper. After immersing disks in the above-prepared test solutions, they were placed on MHA plates already swabbed with different bacteria. After overnight incubation of Petri dishes at 37 °C, clear zones of bacterial growth inhibition around disks were measured.

#### Minimum Inhibitory Concentration (MIC) Testing by the Microdilution Method {#sec2.2.10.3}

The MIC is the lowest concentration of a substance that leads to a clearly visible growth inhibition after a defined incubation period. To evaluate the MIC of Arg-DT, Arg-OL, BAC, and cetrimide, a microdilution test was performed according to the guidelines of the Clinical and Laboratory Standards Institute.^[@ref19]^ First of all, similarly, as for the disk diffusion test, microorganisms were dissolved in saline and set to a 0.5 McFarland standard turbidity. This corresponds to a bacterial concentration of 1.5 × 10^8^ colony-forming units per milliliter (CFU mL^--1^); 50 μL of the bacterial suspension was added to 10 mL of Mueller Hinton Bouillon (MHB, Becton Dickinson, New Jersey, USA). The stock solutions were prepared as follows: the test compounds Arg-OL, Arg-DT, BAC, and cetrimide were dissolved in water with 10% (v/v) DMSO at a concentration of 10 mg mL^--1^. The obtained solutions were used to prepare serial dilutions. The tested concentration for each substance ranged from 5000 to 5 μg mL^--1^. Each test sample was added to a flat-bottomed tissue plate well in the volume of 75 μL. The first well of the tissue plate containing 75 μL of water with 10% (v/v) DMSO instead of any test sample was used as a positive control. Finally, 75 μL of the bacterial suspension was added to each well, and the plates were incubated at 37 °C overnight.

Before measuring the optical density (OD), plates were shaken for 15 min at 250 rpm. The OD was measured using the Bio-Rad 680 microplate reader (Hercules, California, USA) at a wavelength of 490 nm. Inhibition of bacterial growth was defined as a reduction of growth for at least 5 log units. Experiments were performed three times under analogous conditions for each bacterial strain and each tested sample.

### 2.2.11. Statistical Analysis {#sec2.2.11}

GraphPad Prism 5 software was used for data analysis. One-way and two-way ANOVA with the Bonferroni posthoc test were used for statistical comparisons with *P* \< 0.05 as the minimal level of significance. Data were shown as the mean ± SD.

3. Results and Discussion {#sec3}
=========================

3.1. Synthesis of Lipophilic Arg-Esters {#sec3.1}
---------------------------------------

Arg-OL and Arg-DT esters were synthesized by esterification of Boc-arginine with long carbon chain alcohols, followed by Boc deprotection. Synthesis and chemical structures of surfactants are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}.

![Synthesis of Arg-OL and Arg-DT esters.](mp0c00610_0001){#fig1}

Esterification was confirmed for Boc-Arg-OL, due to the shift of the O--CH~2~ signal (**g**) from 3.64 ppm, as shown in the free oleyl alcohol ([Figure S-1](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00610/suppl_file/mp0c00610_si_001.pdf)), toward 4.11 ppm in the Boc-Arg-OL ([Figure S-2](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00610/suppl_file/mp0c00610_si_001.pdf)). The signal (**a**) at 0.88 ppm was assigned to the terminal methyl protons, while the resonances of the methylene groups ((**b**) and (**b′**)) were located at 1.22--1.38 ppm. The methylene protons (**d** and **n**) and one NH proton caused signals in the range of 1.58--1.88 ppm. In this region, the signal of the methylene protons (**d**) within the oleyl residue was also located. The protons (**i**, **i′**) at the double bond were more deshielded and yield the well-separated superimposed multiplet at 5.33--5.40 ppm, which were not shown to be influenced upon esterification. Also, the chemical shifts of **e** and **e′** at 1.93--2.05 ppm were unaffected. Characteristic signals of the arginine moiety resulted from the methylene protons (**f**) next to the nitrogen at about 3.80--3.97 ppm and the methine proton (**h**) at 4.23--4.33 ppm. Furthermore, Boc-protection was confirmed by the singlets (**c, c′**, and **c″**) at 1.44, 1.50, and 1.52 ppm. Broad signals at 9.20 and 9.35 ppm were an indication for NH protons.

The same trend was observed for Boc-Arg-DT. The CH~2~ group (**g**) was characteristically shifted from 3.54 ppm (for free alcohol, see [Figure S-3](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00610/suppl_file/mp0c00610_si_001.pdf)) to 4.02 ppm upon esterification ([Figure S-4](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00610/suppl_file/mp0c00610_si_001.pdf)).

The methine proton (**j**) changed from 1.14--1.18 ppm (alcohol) to 1.75--1.87 ppm (ester). The terminal methyl protons (**a**, **a′**) showed signals at 0.88 ppm, the methylene protons (**b, b′**) at 1.20--1.35 ppm. The methylene protons of arginine (**k**, **l**) gave a signal at 1.58--1.73 ppm, and the ones next to the nitrogen (**f**) were located at 3.80--3.97 ppm. The methine proton of arginine (**h**) caused a signal at 4.24--4.32 ppm and the Boc groups at 1.44, 1.50, and 1.52 ppm. Additional peaks at 5.37, 9.19, and 9.35 ppm were from the protons attached to the nitrogen.

After deprotection, the IR spectra of Arg-OL ([Figure S-5](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00610/suppl_file/mp0c00610_si_001.pdf)) and Arg-DT ([Figure S-6](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00610/suppl_file/mp0c00610_si_001.pdf)) had peaks of NH~2~ at 3363−3187 cm^--1^ and 3394−3185 cm^--1^, respectively. The missing OH and COOH vibrations, as well as the presence of the C--O band at 1134 and 1137 cm^--1^ and the characteristic C=O vibration at 1667 and 1674 cm^--1^, were indications for esterification.

As the solubility of Arg-OL and Arg-DT in CDCl~3~ was insufficient for ^1^H NMR spectroscopy, the ^1^H NMR spectra ([Figure S-7 and Figure S-8](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00610/suppl_file/mp0c00610_si_001.pdf)) were recorded in CD~3~OD. In the spectra, the missing signals of the Boc groups confirmed deprotection. Because of the solvent change, the chemical shifts of the protons of the alcohol part slightly changed compared to the precursors, and the amino protons underwent an NH/ND exchange. The terminal methyl protons (**a**, **a′**) caused signals at 0.87--0.93 ppm and the methylene protons (**b**, **b′**) signals at 1.24--1.42 ppm. The resonances of the methylene protons next to the nitrogen (**f**) in the arginine part were now at 3.25 ppm (Arg-OL) and 3.24 ppm (Arg-DT), and the signal of the methine proton (**h**) was located at 4.08 ppm (Arg-OL) and 4.10 ppm (Arg-DT), respectively. Compared to the Boc-protected compounds, a significant shift was observed (**f** δ = 3.80--3.97; **h** δ = 4.23--4.33). The methylene protons (**g**) confirming esterification appeared at 4.26 ppm (Arg-OL) and 4.19 ppm (Arg-DT), while they were at 4.11 and 4.02 ppm in the spectra of Boc-Arg-OL and Boc-Arg-DT. A characteristic for Arg-OL is the double bond in the alcohol moiety, with a signal group in the range of 5.30--5.42 ppm, representing the protons (**i**, **i′**).

Furthermore, the mass spectra of Arg-OL and Arg-DT showed the expected mass, referring to ester formation and deprotection ([Figure S-9 and S-10](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00610/suppl_file/mp0c00610_si_001.pdf)).

3.2. Physiochemical Characterization of Arg-Esters {#sec3.2}
--------------------------------------------------

Hydrophobicity is considered an important physicochemical property as it can affect interactions with different macromolecules, cell membranes, and organelles under physiological conditions.^[@ref20]^ We evaluated hydrophobicity of free arginine as well as Arg-esters by determining their octanol/water partition coefficients (log *P*). The results are illustrated in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Log *P* of arginine was significantly increased (*p* \< 0.05) from −1.9 to 0.3 and 0.6 in the case of Arg-OL and Arg-DT ester, respectively. Due to this improvement in log *P*, more efficient insertion of Arg-surfactants within cell membrane lipid bilayer can be expected.

![Log *P* of Arg and Arg-esters. Data represented as the mean ± SD (*n* = 3), (\*\*\*\**P* \< 0.0001).](mp0c00610_0002){#fig2}

Arg-esters were also evaluated regarding their surface-active property, which is an important characteristic of surfactants. Surfactants are known to accumulate in solution in the form of micelles that can be evaluated in terms of CMC (critical micelle concentration) using a variety of methods. The increase in carbon chain length increases the hydrophobicity of the surfactant, decreases the CMC, and increases the solubilizing power of surface-active compounds.^[@ref21]^ The CMC of both Arg-esters was determined via a widely used pyrene method that is based on pyrene solubilization in the hydrophobic core of surfactant micelles.^[@ref22]^ The results of CMC are depicted in the form of plots in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. CMC of Arg-OL was found 0.52 mM and of Arg-DT was 0.013 mM. It is in agreement with previous studies that CMC decreases with increasing carbon chain length.^[@ref23]^

![Pyrene intensity ratio (*I*~3~/*I*~1~) versus log concentration (mM) plots of Arg-OL and Arg-DT. CMC values in individual plots are denoted by the intersection points of straight lines.](mp0c00610_0003){#fig3}

3.3. Biodegradation of Arg-Esters {#sec3.3}
---------------------------------

In the case of well-established antimicrobials, a lack of biodegradability is one of the main reasons for their potential toxicity.^[@ref24],[@ref25]^ Biodegradation is an enzyme-catalyzed degradation process and probably one of the most promising strategies for the design of less toxic preservatives. By introducing lipophilic structures in endogenous compounds such as amino acids via labile ester or amide bond formation, relatively fast biodegradation into nontoxic fragments is expected when these conjugates are getting into contact with a high amount of hydrolyzing enzymes in the human body. For degradation studies of the newly developed Arg-esters, lipase was used as a model enzyme as it is well-known for hydrolyzing esters.^[@ref26]^ Moreover, preservatives get into direct contact with this enzyme when they are used in dermal or mucosal products.^[@ref27],[@ref28]^ Furthermore, lipase was already shown to hydrolyze nonionic surfactants containing carbonate, ester, and amide bonds,^[@ref29]^ as well as to cleave ester bonds in lipophilic lysin esters.^[@ref30]^ Both Arg-esters were degraded *in vitro* by lipase into free amino acid and alcohol as illustrated in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. Cleavage of Arg-esters was confirmed by a constant drop in pH over time. After 3 h, pH change was minor, suggesting almost complete hydrolysis. Within 3 h, 93% and 85% of Arg-OL and Arg-DT were cleaved, respectively. Results of TLC confirmed an almost entire cleavage of both esters as neither Arg-OL nor Arg-DT were visible anymore after incubation with lipase as shown in [Figure S-11](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00610/suppl_file/mp0c00610_si_001.pdf).

![Lysis of the Arg-esters by lipase.](mp0c00610_0004){#fig4}

The comparatively more rapid biodegradation of Arg-OL than of Arg-DT might be explained by the lower lipophilic character of Arg-OL. Similar results were obtained in a previous study by Pérez et al., where slightly higher biodegradation of single-chain arginine-based surfactants than of double-chain/double-head Nα, Nω-bis(Nα-acylarginine) α,ω-alkylendiamide surfactants was observed.^[@ref31]^ The biodegradation of Arg-OL and Arg-DT was in the same range as that of other arginine-based compounds reported in the literature such as Nα-Acyl-[l]{.smallcaps}-arginine methyl ester, arginine-*N*-alkyl amide, and arginine-*O*-alkyl ester. The authors observed higher biodegradation rates for compounds having an ester bond instead of any other linkage between hydrophobic and hydrophilic moieties.^[@ref32]^ Tatsumi et al. also observed biodegradability of some cationic Gemini surfactants with an ester linkage and no biodegradation of conjugates with an amide linkage.^[@ref33]^

As the individual enzyme levels may vary under physiological conditions, however, *in vitro* biodegradation tests do not mimic the exact *in vivo* conditions.

3.4. Biocompatibility Studies {#sec3.4}
-----------------------------

Cytotoxicity of lipophilic cationic preservatives is a major concern. Their lipophilic substructures and polar cationic headgroup(s) largely affect their surface properties and toxicological profile. In the case of N-acyl amino acids, it was shown that surface properties are mainly influenced by the carbon chain length, whereas the polar head of amino acid plays an important role in cellular toxicity.^[@ref34]^ In order to evaluate the toxicity of Arg-OL and Arg-DT before degradation, their cytotoxic impact on Caco-2 cells was studied using the resazurin test. This test is based on the ability to grow cells to reduce nonfluorescent dye (resazurin/blue) into fluorescent dye (resorufin/pink) measurable by a fluorometer. The resazurin assay is rapid, relatively inexpensive, and more sensitive than the tetrazolium assays. The only drawback is the possibility of fluorescent interference from tested compounds.^[@ref35]^ The results of this study are shown in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. Samples showing \>80% cell viability were considered as nontoxic. BAC and cetrimide serving as reference were found to be highly toxic for Caco-2 cells with cell viability of \< 10% at all tested concentrations (1000--3000 μg mL^--1^). In contrast, Arg-esters were found significantly (*p* \< 0.05) less cytotoxic at the same concentrations. Arg-OL ester was found cytotoxic at 3000 μg mL^--1^, whereas Arg-DT was noncytotoxic. The comparatively higher toxicity of Arg-OL can be attributed to its likely more intensive interactions with the cell membrane. A similar lysine-based cationic compound hexadecyl lysinate (HL) was noncytotoxic to Caco-2 cells at the higher tested concentration of 250 μg mL^--1^.^[@ref30]^

![Percentage cell viability of Caco-2 cells after 4 h of incubation with indicated compounds at 37 °C, determined via the resazurin assay. Data represented as the mean ± SD (*n* = 3).](mp0c00610_0005){#fig5}

From cell viability data, the concentration causing 50% cell death (EC50 value) was also calculated for each sample as well as for controls: the lower the EC50, the higher is the toxicity of the compound. Both Arg-esters showed significantly higher EC50 values than controls. EC50 of Arg-OL was 2600 μg mL^--1^, whereas EC50 of Arg-DT was 4500 μg mL^--1^. BAC and cetrimide showed EC50 of 20 μg mL^--1^ indicating higher toxicity. No toxicity data of other Arg-based compounds on Caco-2 cells have been found in the literature. Data regarding the aquatic toxicity of some Arg-based compounds have been reported against *Daphnia magna* and *Photobacterium phosphoreum* in terms of IC50 and EC50 values in the range of 1.1--28 μg mL^--1^.^[@ref31]^

Moreover, the effect of Arg-esters on Caco-2 cell membrane fluidity was also determined using a DPH fluorescent probe. DPH is incorporated in the hydrophobic region of a lipid bilayer and is used to monitor the fluidity in this deeper region of the cell membrane.^[@ref36]^ The knowledge of the fluid properties of biological membranes is important as these properties are crucial for various cell functions including signal transduction, cell growth, transportation across the membrane, and membrane enzymatic activities. Even a slight change in the fluidity of the membrane may cause disruptions in the membrane functions.^[@ref37]^ Fluorescent anisotropy values and cell membrane fluidity are inversely correlated. The higher the fluorescent anisotropy, the lower is the membrane fluidity.^[@ref36]^ The results of *r* (DPH) for different concentrations of Arg-esters at various time points are represented in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}. The results show \>30% decrease in the anisotropy value within 2 h in the case of Arg-OL as compared to the control, indicating a decreased microviscosity of the lipid membrane. Changes in anisotropy were not significant in the case of Arg-DT \< 1000 μg mL^--1^. Results also show clearly the concentration-dependent increase in membrane fluidity due to interactions and incorporation of Arg-esters within membrane hydrophobic part. These interactions of Arg-esters can occur at their nontoxic concentrations (500--2000 μg mL^--1^). This effect of increasing membrane fluidity might be beneficial regarding membrane-associated cellular functions such as permeation improvement.

![Effect of Arg-esters at indicated concentrations on the fluidity of the Caco-2 cell membrane at the hydrophobic region of a lipid bilayer. Solutions were prepared in HBSS (10 mM), pH 7.4, and mixed with an equal volume of the DPH-labeled cell suspension. HBSS mixed in an equal volume with the DPH-labeled cell suspension was used as a control. The anisotropy parameter *r* values are denoted at indicated time points. Data represented as the mean ± SD (*n* = 3), (\**P* \< 0.05, \*\*\*\**P* \< 0.0001).](mp0c00610_0006){#fig6}

Red blood cells exhibit a comparatively fragile cell membrane. The hemolysis test is, therefore, a sensitive indicator for the cell membrane damaging effect in particular of amphiphilic compounds.^[@ref38]^ Furthermore, as these Arg-esters might also be used as preservatives for injectable formulations that need to be blood-compatible, this assay is even of practical relevance. Although the red blood cell lysis assay is also used as an *in vitro* screening tool to predict potential ocular irritation,^[@ref39]^ a direct correlation between hemolysis and cell membrane damage is, in most cases, not provided. Hemolytic data were obtained to estimate the disruption of cell membranes by cationic Arg-esters. As shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}, the percentage of hemolysis is expressed as a function of concentration at pH 7.4. As compared to BAC and cetrimide, Arg-esters caused significantly less (*p* \< 0.05) hemolysis. Like cytotoxicity studies on Caco-2 cells, the cell membrane damaging effect of Arg-OL in the case of erythrocytes was also more pronounced than that of Arg-DT.

![Hemolysis induced by the Arg-esters and well-established antimicrobials BAC and cetrimide at indicated concentrations. Samples were prepared in sterile Dulbecco's PBS, pH 7.4. Data represented as the mean ± SD (*n* = 3).](mp0c00610_0007){#fig7}

From hemolytic data, the concentration causing lysis of 50% red blood cells (HC50 value) was also calculated for each sample as well as for controls: the lower the HC50, the higher is the lysing ability of the compound. Both Arg-esters showed significantly higher (*p* \< 0.05) HC50 values than controls. HC50 of Arg-OL was 60 μg mL^--1^, whereas HC50 of Arg-DT was even higher (125 μg mL^--1^). BAC and cetrimide showed significantly (*p* \< 0.05) lower HC50 values that have been determined to be 12 and 23 μg mL^--1^, respectively. HC50 values of both Arg-esters were also higher than other arginine-based amphiphiles reported in the literature. HC50 of caproyl arginine methyl ester (CAM) and lauroyl arginine methyl ester (LAM) was 38.5 and 20.8 μg mL^--1^, respectively. Various double-chain/double-head arginine compounds, Nα, Nω-bis(Nα-acylarginine) α,ω-alkylendiamides, showed HC50 in the range of 8.7--110.5 μg mL^--1^.^[@ref31]^ Pianzo et al. determined the hemolytic activity of single-chain arginine surfactants with HC50 values in the range of 38--59 μg mL^--1^.^[@ref40]^ The results of hemolysis are in agreement with previous findings showing that the disruption of red blood cells decreases as the alkyl chain length increases.^[@ref41]^

Although both Arg-esters showed a comparatively safe profile on Caco-2 and red blood cells, further *in vitro* and *in vivo* toxicity studies are necessary, as none of these tests can cover all toxicological aspects of preservatives.

3.5. Antimicrobial Properties of Arg-Esters {#sec3.5}
-------------------------------------------

Arg**-**esters were evaluated regarding *in vitro* antimicrobial activity against Gram-negative bacteria (*E. coli*) and Gram-positive bacteria (*S. aureus*, *B. subtilis*, and *E. faecalis*) according to international guidelines.^[@ref19]^ These bacterial strains are frequently used for antimicrobial testing. Antibacterial activity of BAC and cetrimide was also determined under the same experimental conditions serving as controls.

The disk diffusion method was used for the initial assessment of microbial susceptibility as it is a simple, rapid, and commonly used *in vitro* method for antimicrobial screening of new compounds. Clear growth inhibition zones against tested bacteria were observed for both Arg-esters, indicating their antibacterial activity. The observed zones of inhibition are shown in [Table S-1](http://pubs.acs.org/doi/suppl/10.1021/acs.molpharmaceut.0c00610/suppl_file/mp0c00610_si_001.pdf), and the diameters of inhibition zones in mm are given in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}.

###### Diameters of Growth Inhibition Zones against Indicated Microbes by the Disk Diffusion Method

                                       zones of inhibition (mm)             
  ------------------------------------ -------------------------- ---- ---- ----
  *Escherichia coli* ATCC 25922        9                          9    19   12
  *Staphylococcus aureus* ATCC 29213   19                         16   21   19
  *Bacillus subtilis* ATCC 6633        16                         18   23   19
  *Enterococcus faecalis* ATCC 19433   18                         16   20   19

As it is not possible to quantify the diffused amount of antimicrobial agents from disk to agar medium, the disk diffusion method is not considered appropriate for determining the minimum inhibitory concentration (MIC).^[@ref42]^ For determining the MIC, the microdilution method was used, which is comparatively time-consuming but robust and reliable. Both Arg-esters showed excellent antimicrobial activity against Gram-positive and Gram-negative bacteria. MIC results against all microbial strains are shown in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}.

###### MIC Values of Arg-Esters, BAC, and Cetrimide against Indicated Bacteria Determined by the Microdiution Method

                                       minimum inhibitory concentration (μg mL^--1^)             
  ------------------------------------ ----------------------------------------------- ---- ---- ----
  *Escherichia coli* ATCC 25922        20                                              39   10   20
  *Staphylococcus aureus* ATCC 29213   10                                              10   5    5
  *Bacillus subtilis* ATCC 6633        5                                               5    5    5
  *Enterococcus faecalis* ATCC 19433   5                                               10   5    5

Arg-DT caused growth inhibition of *E. coli* at a concentration of 39 μg mL^--1^. The MIC of Arg-DT against *S. aureus* and *E. faecalis* was 10 μg mL^--1^, whereas the MIC for *B. subtilis* was 5 μg mL^--1^. In contrast, Arg-OL inhibited the growth of *E. coli* and *S. aureus* at the concentration of 20 μg mL^--1^ and 10 μg mL^--1^, respectively. The observed MIC of Arg-OL for *B. subtilis* and *E. faecalis* was 5 μg mL^--1^.

The evaluation of the MIC for well-established antimicrobials BAC and cetrimide was also performed under the same experimental conditions. The MIC of BAC was 10 μg mL^--1^ against *E. coli* and 5 μg mL^--1^ against all Gram-positive bacteria (*S. aureus*, *B. subtilis*, and *E. faecalis*. Cetrimide inhibited bacterial growth of *E. coli* at a concentration of 20 μg mL^--1^, whereas the MIC of cetrimide against all tested Gram-positive bacterial strains was 5 μg mL^--1^. The positive control (water with 10% (v/v) DMSO) without any test compound did not lead to any bacterial growth inhibition.

According to these results, bacteria seem to be unable to cleave these Arg-esters in order to eliminate their antimicrobial activity. As Arg**-**esters were, in comparison to BAC and cetrimide, less toxic to Caco-2 cells ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}) but showed antimicrobial activity at much lower concentration (\< 50 μg mL^--1^), it can be assumed that mammalian cells can more easily cleave these esters than bacteria. Moreover, the MIC of Arg-esters being in the range of 20--40 μg mL^--1^ against *E. coli* was lower than that of some previously reported amino acid-based antimicrobials. For example, lauroyl arginine methyl ester showed a MIC of 128 μg mL^--1^.^[@ref31]^ Furthermore, neither Nα-octanoyl arginine ethyl ester^[@ref43]^ nor various arginine-O-alkyl esters (octyl, decyl, and lauryl) were effective against *E. coli* at the highest tested concentration of 256 μg mL^--1^.^[@ref41]^ Arginine monoglycerides with alkyl chains of 10--14 carbons exhibited MICs from 64 to 128 μg mL^--1^,^[@ref44]^ and various types of lysine-based cationic lipids showed MIC values from 166 to 331 μg mL^--1^.^[@ref13]^ Arginine Gemini surfactants were only effective against Gram-positive bacteria at MICs from 28 to 90 μg mL^--1^ with or without membrane cholesterol or dilauroylphosphatidylcholine.^[@ref45]^

Moreover, like all of these compounds, Arg-esters were found significantly more effective against Gram-positive bacteria than against Gram-negative *E. coli*. It might be due to the reason that Gram-negative bacteria have an additional outer hydrophilic layer acting as a strong permeability barrier.^[@ref46]^ Comparatively higher antimicrobial activity of Arg-OL than that of Arg-DT showed that antimicrobial properties were more likely dependent on the type of alkyl chain rather than the chain length or hydrophobicity. The presence of a double bond might affect the interaction with cell membranes in the case of Arg-OL ester. In a previous study with nonionic Schiff base surface-active compounds, a higher zone of inhibition in the case of linoleate derivatives with two double bonds in comparison to monounsaturated oleate derivatives was found underlining the crucial role of the degree of unsaturation in antimicrobial activity.^[@ref47]^ A study on cationic lysine-based compounds demonstrated that biological properties are not only dependent on the type of hydrophobic chain but are also determined by the polar headgroup, its spatial position, and the cationic charge.^[@ref13]^

4. Conclusion and Future Prospects {#sec4}
==================================

For over half a century, cationic lipophilic compounds derived from quaternary ammonium compounds are being used as antimicrobials.^[@ref3]^ Due to poor biodegradation, hemolytic activity, and cytotoxicity, however, biomedical use of these cationic antimicrobials is regarded as problematic.^[@ref6],[@ref7],[@ref9]^ Amino acid-based antimicrobials being less toxic and rapidly degraded in the human body deserve more attention.^[@ref48]^ So this study was aimed to synthesize and evaluate novel cationic arginine-based esters with long carbon chains (C~18~ and C~24~), regarding toxicity and antimicrobial properties in comparison to currently used antimicrobials. Newly formed Arg-esters showed significantly lower cytotoxicity and red blood cell lysis as compared to the well-established antimicrobials benzalkonium chloride and cetrimide. Furthermore, they were biodegradable and exhibited comparatively high antimicrobial properties. Based on these results, lipophilic arginine esters seem to be a promising alternative to well-established cationic lipophilic compounds used as preservatives in pharmaceutical and cosmetic formulations. Moreover, the need for developing novel antimicrobials is of great significance due to the emergence of resistant microbial strains in healthcare settings.^[@ref49]^ Future research should consider testing these compounds regarding their safety profile in more detail before initiating a scale-up on the industrial level. These Arg-esters might first be used as a preservative in cosmetic and food products, followed by pharmaceuticals.
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